Physical and Chemical Evidence for Pore-Scale Dual-Domain Flow in the Vadose Zone
Water percola on and solute transport through an unsaturated sandy forma on were inves gated using a vadose-zone monitoring system that enables in situ, con nuous, realme monitoring of the percola ng water. Measurements of the temporal varia ons in vadose-zone water content as well as con nuous monitoring of the vadose-zone pore water allowed detailed tracking of the propaga on veloci es of the we ng front and determinaon of the fl ow pa erns governing solute transport. It has been shown that the chemical composi on of mobile fl owing water along the vadose zone is not in equilibrium with the total soluble solute poten al of the sediment. This phenomenon is usually a ributed to a fl ow mechanism controlled by preferen al fl ow. We ng-front propaga on pa erns, as monitored con nuously during four rainy seasons throughout the en re vadose zone, as well as a tracer experiment, showed rela vely uniform we ng-front propaga on with no direct evidence for signifi cant preferen al fl ow. Contradictory observa ons of matrix and preferen al fl ow as governing mechanisms led to conceptualiza on of the percola on process as pore-scale dual-domain fl ow.
Abbrevia ons: EC, electrical conduc vity; FTDR, fl exible me domain refl ectometry; TDR, me domain refl ectometry; VMS, vadose-zone monitoring system; VSP, vadose-zone sampling port.
Preferen al fl ow under unsaturated conditions is usually attributed to two main fl ow mechanisms: (i) fl ow through macropores such as fractures, root channels, holes from earthworm burrowing, etc. (Germann and Beven, 1981; Kohl et al., 1997; Šimůnek et al., 2003) , and (ii) fi ngered fl ow caused by the unstable hydraulic conditions of wetting fronts (Glass et al., 1991; Baker and Hillel, 1992; de Rooij, 2000) . In both cases, the fl ow and transport process is governed by the critical relation between micro-and macrostructures of the porous phase (pore and grain dimension, distribution, and orientation) and hydraulic conditions (water content). While preferential fl ow pathways through macropores are primarily controlled by the heterogeneity of the porous medium and the presence of preferential fl ow paths, fi ngered fl ow is likely to occur in homogeneous sand profi les as well.
Under stable matrix fl ow conditions, solute transport through a porous domain is described by the advection-dispersion equation, which assumes that lateral mixing processes are fast in relation to vertical convective transport (Jury and Flühler, 1992) . Th erefore, during uniform fl ow, conditions at or close to equilibrium exist among the diff erent types of pores in the sediments; this is generally not the case during preferential fl ow (Šimůnek et al., 2003) . Jarvis (2007) considered nonequilibrium to be the most important feature of preferential fl ow by defi ning it as a fl ow regime in which "for various reasons, infi ltrating water does not have suffi cient time to equilibrate with slowly moving resident water in the bulk of the soil matrix." Preferential fl ow in structured media is usually described by dividing the porous domain into two phases in which the infi ltrating water and solutes move along "certain pathways while bypassing a fraction of the porous matrix" (Šimůnek et al., 2003) . Preferential fl ow phenomena are diffi cult to measure. In many studies, preferential fl ow has been used to interpret unexpected observations of early water and solute migration from the unsaturated zone to the groundwater (Dahan et al., 1999; Sigda and Wilson, 2003; Arnon et al., 2008; Harter et al., 2008) . Accordingly, proper characterization of the mechanisms controlling water and contaminant transport through the natural vadose zone strongly depend on qualitative data obtained from fi eld observations. One of the common methods for determining the mechanisms controlling fl ow and transport in the vadose zone relies on the chemical profi les of the sediment cross-section. Such methods provide indirect evidence of preferential fl ow mechanisms through the long-term Water percola on and solute transport through the vadose zone of a sandy formation were monitored. Nonequilibrium between sediment and aqueous salt concentra ons indicated preferen al transport, but fl ow measurements indicated nonpreferen al fl ow. The results suggest that pore-scale dual-domain fl ow controls water fl ow and solute transport.
cumulative impact of the percolating water on the chemical and isotopic signature of the sediments (Allison and Hughes, 1978; Nativ et al., 1995; Scanlon, 2004) ; however, the chemical profi le obtained from extraction of sediment samples represents the cumulative chemical state of the vadose zone profi le. Th erefore dynamic, short-term, fast fl ow processes may not be observed through the profi les because these represent a snapshot in time of the sediment's chemical state rather than dynamic temporal variations.
A determination of temporal variations in the hydraulic and chemical properties of the unsaturated zone usually requires the implementation of water-content sensors such as time domain refl ectometry (TDR) probes (Robinson et al., 2003) , matric-potential sensors such as tensiometers (Zhang and Winter, 2000) , and pore-water suction cups (Weihermuller et al., 2007) . Th ese methods are usually limited to shallow soil horizons due to technical limitations of the installation procedure. Nevertheless, several approaches have been used to apply them to the deep vadose zone: (i) application of infl atable packers to attach TDR probes to a borehole's side walls (West and Truss, 2006) ; (ii) installing soil sensors through the walls of widediameter boreholes (Zilberbrand and Gvirtzman, 1996; Murdoch et al., 2000) ; and (iii) installing TDR probes and tensiometers in deep vertical boreholes, which are then backfi lled (Gee et al., 2003; Haimerl, 2004; McElroy and Hubbell, 2004 ).
An alternative method for continuous monitoring of the temporal variations in vadose-zone water content is the implementation of fl exible TDR (FTDR) probes installed in slanted boreholes (Dahan et al., 2003) . Th is method allows measurements of the sediment water content at multiple points distributed laterally and vertically across the vadose zone space. Each probe faces an undisturbed sediment column, which extends from the probe location to the land surface. Th us, the FTDR probes accurately detect a wetting front's propagation across the vadose zone. As such, preferential fl ow processes, expressed through variable wetting-front propagation velocities, may be detected by the monitoring system (Dahan et al., , 2009 . Th is method was implemented in a study in which the temporal variations in vadose-zone water content profi les were analyzed for detailed tracking of wetting-front propagation across a thick unsaturated zone (Rimon et al., 2007) . The results suggested that the dominant fl ow pattern in the study site is matrix flow because no significant large-scale preferential fl ow was observed and the wetting-front propagation across the entire vadose zone appeared to be relatively steady. A further development of the vadose-zone monitoring system (VMS) includes vadose-zone sampling ports (VSPs) that enable frequent sampling of the vadose-zone pore water (Dahan et al., 2009 ). Application of this monitoring system at the site enabled high-resolution characterization of the chemical properties of the percolating water across the entire vadose zone profi le.
In this study, we conducted a detailed investigation of water fl ow and solute transport across a 22-m vadose zone in a sand dune area. Th e study compared the solute properties of the percolating water to the cumulative soluble salts of sediment samples. Th e observed transport processes were evaluated in light of the actual infi ltration events that were expressed through wetting-front propagation across the entire vadose zone. Th e observed solute-transport processes and their conclusive results were further evaluated through tracer and controlled laboratory column experiments.
Materials and Methods

Study Site
The study site is located in a sand dune area in the central Coastal Plain of Israel, south of the city of Ashdod. Th e climate is Mediterranean, with a dry summer and a rainy season from October to April, and mean annual precipitation of 522 mm. Th e site is characterized as a sand dune area with a moderate slope. Sparse herbaceous vegetation grows in the interdune area but the dunes themselves are bare sand (Fig. 1) . Th e coarse sand matrix promotes quick infi ltration and no runoff is generated during rain events. Th e shallow stratigraphy consists of Holocene sand dunes, calcareous sandstone, and clay interlayers (Ecker, 1999, p. 151 
Monitoring Setup
Five VMSs, which were specifi cally developed for tracking water percolation and solute transport within deep sections of the vadose zone, were installed in this site (Fig. 2) . Th e monitoring system was composed of a fl exible sleeve made of thin polyvinyl chloride (PVC) line, hosting several customized FTDR probes and vadosezone pore-water sampling ports (VSPs) (Fig. 3) . Th e monitoring systems were installed in uncased, small-diameter (15.24 cm or 6″), slanted boreholes (30-45°). Th e FTDR probes and VSPs were aligned along the borehole's upper side wall facing the undisturbed sediment column, which extended from the probe location on the borehole wall to the land surface. Immediately aft er inserting the sleeve into the borehole, it was fi lled with liquid two-component urethane that solidifi ed in the borehole shortly aft er its application. Th e hydrostatic pressure generated by the high-density fi lling material within the sleeve caused its expansion. As a result, the FTDR probes and VSPs were pushed against the borehole's upper side wall with suffi cient force to achieve good contact with the sediments (Fig. 3 ). Aft er curing of the fi lling material in the sleeve, the probes were positioned and secured.
Although the sediments on the borehole side wall could potentially have been disturbed by the drilling process, it was obvious that from the borehole walls to the land surface, the sediment column was undisturbed. Accordingly, the fl ow regime from the land surface to any given point on the slanted borehole took place in an undisturbed natural soil column. Th e high density of the fi lling material (1.6 g/cm 3 ) in the fl exible sleeve ensured the sleeve's expansion to fi ll the entire void of the borehole, including small cavities or diameter irregularities. As a result, the borehole void was sealed and potential preferential fl ow along its length was eliminated. In addition, the high-density liquid restored the pressure around the borehole and prevented tension-release cracks that might have been generated during drilling.
Th e TDR probes used in this study were described by Dahan et al. (2003) . Th ese FTDRs allowed water-content measurements in the deep vadose zone. Th e probes were made of thin and fl exible metal strips that act as waveguides. Th e fl exible waveguides were attached to the PVC sleeve. As the sleeve was fi lled with resin, the waveguides were forced against the borehole walls and followed its roughness, undulations, and diameter irregularities (Rimon et al., 2007; Dahan et al., 2008) .
A comprehensive description of the FTDR probes, including application in fi eld studies, calibration procedure, and data interpretation, was presented by Rimon et al. (2007) . Recently, Hinnell and Ferré (2008) showed that under dynamic fl ow conditions, TDR probes installed on top of an impermeable casing in inclined boreholes can potentially overestimate the measured water-content values. Because a similar installation procedure and TDR probes were used in this study, it is possible that the water-content values measured in this study overestimated the actual water content during the dynamic phase of the infi ltration process. However, this overestimation was not expected to exceed the actual water contents values by more the 1%. Under rare high fl ux wetting events, water content overestimation may reach up to 3%. In any event, the potential overestimation of the measured water content does not aff ect the wetting front's arrival time, and the consequent calculated percolation velocities.
Th e VSPs were based on a structural modifi cation of standard tensiometers and suction cups. A customized, curved ceramic plate shaped to the exact radial curvature of the borehole was attached to a cell chamber, forming the VSP body (Fig. 3) . Accordingly, the VSP body was designed to allow full contact of the curved ceramic plate with the borehole side walls. Once the sleeve with the VSP was inserted into the borehole and fi lled with urethane, the hydrostatic pressure in the sleeve pushed the VSP toward the borehole's upper side wall, allowing contact of the curved ceramic plate with the sediments. Th e monitoring system operated with Campbell Scientifi c (Logan, UT) data acquisition and logging instruments, including TDR100, SDM50X, and AM16/32 multiplexers and a CR10X datalogger.
Th e chemical properties of the unsaturated zone were studied by two methods: (i) water extraction of sediment samples collected via borehole drilling, and (ii) frequent sampling of the vadose-zone pore water using the VSPs. Th e physical mechanism underlying the latter method is based on creating hydraulic continuity between the sediment pore water and a sampling cell. Technically, the VSP is operated through a set of small-diameter access pipes (i.d. <1 mm) and control valves. Once hydraulic continuity between the sediment pore water and the VSP is achieved, low pressure (vacuum) is applied to the sampling cell to draw the sediment pore water to the sampling cell. Th e water sample is then retrieved using pressurized gas (N 2 ) to push the water sample to the surface. Water samples were collected from the vadose zone every 2 to 6 wk. Th e sampling effi ciency, as expressed by the water fl ux into the sampling cell, was controlled by the sediment water content. As such, the sampling duration during wet periods was much shorter than that during dry periods.
Controlled Infi ltra on Experiments
To validate some of the observations of the infi ltration processes under natural conditions as monitored by the VMS, two controlled infi ltration experiments were conducted.
Field Tracer Test
A tracer test using a visible tracer, Brilliant Blue (triphenylmethane), was conducted at the study site to examine the propagation of the wetting front and evaluate the general extent of preferential fl ow and the potential existence of a fi ngered-fl ow mechanism. Brilliant Blue FCF dye is widely used as a tracer in environmental studies due to its relatively low toxicity to organisms and high water solubility (200 g/L) (Morris et al., 2008) . Th e sorption capacity for Brilliant Blue is strongly correlated with soil clay content (Ketelsen and Meyer-Windel, 1999) . Because the clay content in the experimental cross-section sediments was 0 to 1% (Table 1) , tracer sorption to the sediments was expected to be limited. A total of 41.6 ± 2.3 mm of dyed water was sprinkled during the course of 15 min on an area of 2.25 m 2 . Th e amount of dyed water used for this experiment was selected to represent the maximum potential rain amount of a single rain event that is typical of the area. Th is high simulated rain intensity was deliberately selected to evaluate the potential creation of fi ngered fl ow. Sediment cross-sections in the infi ltrating zone were exposed 2 and 15 h later to evaluate the wetting-front propagation pattern.
Column Experiment
An infi ltration experiment was conducted in a column packed with undisturbed sediments from the study site. Th e infi ltration experiment was designed to evaluate the solute-leaching potential of the sandy sediment in a typical rain event. Th e experiment compared the solute concentration in the drained water, representing the fl owing water, to the total solute potential of the sediment, as obtained from sediment extracts. The column, 90 cm long and 16 cm in diameter, was pushed into the natural undisturbed sand while attempting to preserve the natural sediment structure. Th e top 30 cm of the sediment was removed before its packing into the column. Water was added to the top of the column as a fi ne spray to avoid the eff ect of drops on the surface. A total of 194 mm of water were infi ltrated from the top of the column for 7 d at an average "rain" intensity of ?28 mm/d. Under natural conditions, this amount of water ensures that the infi ltrating water crosses the examined part of the sediment profi le (Rimon et al., 2007) . Th e sprayed water was prepared to simulate the local rainwater composition (electrical conductivity [EC] of ?150 μS/cm and Cl − concentration of 12.6 mg/L) (Asaf, 2004) . Drainage from the column was collected using a suction cup that was installed at the bottom of the column, under a minimal pressure of −80 cm of water. Th e EC of the drained water was measured frequently and the water was sampled for Cl − concentration aft er EC stabilization, which was achieved ?3 d aft er arrival of the wetting front at the bottom of the column. Th e column was left to drain for an additional week until it returned to its original weight, and then sediment samples were collected and extracted for Cl − content determination.
Results and Discussion
Solute Transport
Chloride concentrations in the vadose zone were used as an indicator of soluble salt transport along the unsaturated zone (Fig. 4) . Th e Cl − profi les were obtained by two methods: (i) water extraction of sediment samples collected via borehole drilling, and (ii) frequent sampling of the vadose-zone pore water using the VSPs. Major diff erences in the Cl − concentration profi les were found between the two methods. Th e Cl − concentration in the sediment extraction from a vertical borehole crossing the entire vadose zone (excluding the sample from the 21-m depth that was collected just above the water table) ranged between 50 and 130 mg/L (normalized to the sediment water content). Th e Cl − concentration of an additional 17 sediment samples that were collected from the upper 2 m of the vadose zone ranged between 60 and 240 mg/L (average 109 mg/L, SD 56 mg/L).
Pore-water samples obtained by the VSPs from deep sections of the vadose zone throughout the entire sampling period exhibited very low Cl − concentrations. Th e average Cl − concentrations for diff erent depths (depth-specifi c number of samples varied from 14 to 28) ranged between 13.9 and 19.8 mg/L (SD 3.1-8.4 mg/L). It should be noted that while the sediment sample represents a single sampling campaign during borehole drilling, the VSP data represent frequent sampling of the pore water-approximately once a month for >3 yr. Th e Cl − concentration of the pore water is presented through four representative profi les (Fig. 4) . On average, the Cl − concentration in the sediment extracts was about six times higher than that in the pore-water samples collected by the VSPs. Similar results were obtained for all major ions and were consistent throughout the year. Chloride was therefore used as the ion representing soluble salts in the vadose profi le. Th e observed significant differences in solute concentrations between the two sampling methods were not expected, due to the following sedimentological and climatic conditions: (i) the vadose zone is composed of relatively homogeneous quartz dune sand (upper 6.5 m) overlying a sandy clay layer (1.5 m) and sandy loam sediments down to the water table at the 22-m depth (Table 1) ; (ii) the area is subjected to ?500 mm of rain annually, which occurs in a few high-intensity rain events during a short winter period; and (iii) no runoff is generated during rain events and no vegetation or roots are present at the site (Fig. 1) . In general, these conditions were expected to produce relatively high water fl uxes and, therefore, the sediment cross-section was expected to be well fl ushed. Under such conditions, the percolating water was expected to be in chemical equilibrium with the bulk soluble salt potential. Diff erences between the bulk solute potential of the sediment and the fl owing phase are usually attributed to a preferential fl ow mechanism creating mobile and immobile phases within the domain.
Diff erences in the Cl − profi les obtained by the two methods are thought to be related to the notion that they sample diff erent phases of the porous domain. Water extracts of disturbed samples represent the entire soluble solute potential of the sediment sample. On the other hand, direct sampling of the vadose-zone pore water through VSPs collects only water that has a hydraulic connection with the sampling port's porous interface. Because water sampling by the VSP is a continuous process, the water that is sampled has to be connected to a much larger net of hydraulically interconnected pores in the surrounding sediment. Moreover, to maintain continuous sampling of the sediment pore water for long periods (on the order of years), the hydraulically interconnected pore net has to be in continuous hydraulic connection with the fl owing water phase. Th is hypothesis is supported by the observation that water fl ow in the vadose zone at this site follows seasonal wetting waves (Rimon et al., 2007) . Moreover, it should be noted that the sampling effi ciency from each depth increased dramatically on arrival of each wetting wave. Accordingly, it may be concluded that the VSPs sampled water that was in equilibrium with the fl owing water, while the sediment water extraction exhibited a much larger solute potential. Interestingly, the chemical composition of groundwater samples collected from an observation well (Fig. 2) shared very similar characteristics with the water samples collected from the vadose zone by the VSPs (Fig. 4) . Th e average Cl − concentration of the groundwater was 23 mg/L, calculated from 14 water samples collected during the course of 3 yr with a SD of 4.2 mg/L. Th e similarity between the chemical composition of the groundwater and that of the water samples collected along the vadose zone by the VSPs supports the hypothesis that the solute potential is not in equilibrium with the fl owing water and that the water samples collected by the VSPs represent the vadose zone's fl owing phase.
Th e discrepancy between the solute concentration of the mobile fl owing water and the total nonfl ushable solute potential of the sand was validated through a controlled column experiment. Chloride concentrations of the water samples collected from the bottom of an undisturbed sand column under unsaturated, steadystate fl ow conditions were signifi cantly lower than those obtained by water extraction of sediments from the column at the end of the experiment. Th e average Cl − concentration in the column drainage, calculated from six samples collected during 3 d of steady fl ow, was 19.3 mg/L (SD 0.3 mg/L). In contrast, Cl − concentrations in the sediment samples that were collected from the column by the end of the experiment ranged between 33 and 57 mg/L (Fig.  5) . Comparing the results of the column experiment (Fig. 5) to those from the deep vadose zone (Fig. 4) showed an interesting similarity between the fi eld and column results. Once again it was observed that the infi ltrating water did not leach the total soluble salt potential of the sediments. We found that while the column drainage had Cl − concentrations similar to those of the water sampled by the sampling ports along the entire vadose zone, the column sediment extracts had lower Cl − concentrations than the sediment extracts from the site's vadose zone profi le. Th ese diff erences are attributed to a slight disturbance in the sediments' microstructure during the column-packing phase. Although the column was pushed into the soil and the general structure is likely to have been retained, it is clear that vibrations could potentially disturb some of the pore structure and therefore allow leaching of solute that would not be fl ushed under natural, undisturbed conditions. Th is hypothesis is supported by the measured decrease in the column's drainage salinity during the fi rst 3 d, before reaching EC stabilization.
Percola on Process
Diff erences in vadose-zone solute profi les obtained by the two methods raise questions as to the fl ow mechanism that dominates the transport process. Detailed tracking of the wetting front's propagation along the vadose zone can shed light on these observations (Fig. 6) . Th e percolation process across the vadose zone is presented as variations in water content at various depths. Th e results are displayed separately for the upper 6.3-m sandy layer above the sandy clay interbed (Fig. 6a) and for the rest of the profi le to a depth of 21.2 m (Fig. 6b) . Th e general maximum variations in water content throughout wetting and drainage cycles, which are defi ned as the eff ective moisture, ranged between 3 and 7%. Th e average variations (eff ective moister) of the entire cross-section ranged between 4.4 and 5.8% (Table 2) . Each rain event initiated an infi ltration wave that propagated into the vadose zone. Th e wetting fronts created by the major rain events appeared to progress in a step-like pattern, controlled by the frequency of large rain events and followed by a slower drainage process. Overall, during the rainy season of 2006-2007, there were fi ve wetting waves that progressed through the upper part of the vadose zone, which is made up of relatively homogeneous dune sand (Table 1) . While the fi rst major rain event (37.5 mm from 14-15 Nov. 2006) produced a mild wetting wave that penetrated to a depth of 3 m, the second event, which was much more signifi cant (215 mm on 23-27 and 31 Dec. 2006 and from 5-8 Jan. 2007) pushed the wetting front all the way to the bottom of the upper sand layer at 6.3 m, with a pronounced increase in water content all along the cross-section. Each signifi cant percolation event was followed by a relatively quick drainage process expressed as a reduction in the measured water content. In practice, under these conditions, a quick reduction in sediment water content can be attributed to water drainage into deeper layers. It should be noted that even though the data presented in Fig. 6 were obtained from a single monitoring system (VMS 2 in Fig. 2 ), qualitatively very similar hydrographs were obtained from all of the monitoring systems at this site (Rimon et al., 2007) .
Th e wetting-front propagation in the deeper section of the vadose zone (from the sandy clay layer at 6.5 m through the sandy loam to the water table at the 22-m depth) exhibited only a single increase in water content. Th e quick wetting and drainage process that characterized the percolation pattern in the upper sand layer was not observed in deeper parts of the vadose zone. Th e probe located at the 21.2-m depth was only 20 to 50 cm above the water table and therefore can represent the arrival of the wetting front to the groundwater. As observed in previous years (Rimon et al., 2007) , the wetting front propagates across the entire vadose zone and reaches the groundwater at the end of every rainy season.
Marking the arrival time of the wetting fronts (the fi rst increase in water content) at each depth allowed detailed tracking of the wetting waves' propagation and calculation of their velocities. Th e propagation of fi ve wetting fronts, generated during the rainy season of 2006-2007, is presented for the upper part of the vadose zone, as observed by seven FTDR probes positioned in VMS 2 (Fig. 7) . Table 3 summarizes the velocities of the wetting front propagation to the deepest probe that registered the arrival of a wetting event. Th e calculated velocities are presented for VMSs 1 to 3. Th e velocities were calculated from the wetting-front propagation between the shallowest and deepest probes registering the same wetting wave. Th e diff erences in the depth of penetration and the propagation velocities for each wave are attributed to the rain intensity, cumulative rain amount, and the sediment's wetting condition before each rain event.
One-dimensional simulation using HYDRUS-1D was performed for the upper part of the vadose zone for the entire rainy season of [2006] [2007] . Th e upper boundary condition for the simulation was set according to the measured hourly cumulative rain in the area. Soil parameters were set according to measured fi eld parameters. Th e residual water content was set as the average water content measured by the end of the dry season in the cross-section (7%, Fig. 6a ). Th e saturated water content and saturated hydraulic conductivity were measured in laboratory experiments and determined as 38% and 23 cm/h, respectively. Th e simulations reproduced the observed hydraulic conditions with a close fi t to both temporal variations in water content and wetting-front propagation velocities (Table 3) .
Th e propagation of the annual wetting front across the entire vadose zone is presented as the fi rst increase in water content with depth as measured by 33 FTDR probes spread across an ?20-by 20-by 20-m vadose zone (Fig. 2 ) throughout four rainy seasons (2004) (2005) (2006) (2007) (2008) (Fig. 8) . In general, steady and consistent seasonal propagation of the wetting front was observed for all rainy seasons. Variations among the seasons are attributed to the yearly variations in the rain pattern. Th e results suggest that no signifi cant large-scale preferential fl ow dominates the percolation process and that the general fl ow pattern follows matrix fl ow characteristics. Nevertheless, this does not preclude temporal generation of fi ngered fl ow ahead of the propagating wetting front (Fig. 8) .
Th e relatively consistent propagation of the wetting fronts suggests that the governing fl ow mechanism is controlled by matrix fl ow. On the other hand, the discrepancy between the bulk solute potential of the sediment and the fl owing phase (Fig. 4) indicates dominance of preferential-flow mechanisms. To examine the potential generation of preferential fl ow in the studied area, a visible tracer test was conducted. A relatively uniform wetting front was observed propagating across the sediments, with no significant observable preferential fl ow generated during the infi ltration experiment (Fig. 9 ).
Pore-Scale Dual-Domain Flow
Th e percolation process, as expressed through solute profi les and wetting patterns, indicates two contrasting phenomena of water fl ow and solute transport in the sandy porous medium. On the one hand, the long-term cumulative chemical soluble solute potential of the vadose zone was not in equilibrium with the mobile fl owing water, which is an indication of preferential fl ow. On the other hand, the wetting front's propagation pattern along the vadose zone showed no evidence of signifi cant preferential fl ow (Fig. 7, 8 , and 9; Table 3 ). In addition, a water mass balance calculation for the entire vadose zone (Rimon et al., 2007) showed that the bulk water mass that infi ltrated to the subsurface was well captured by the variation in the vadose-zone water content. Th ese observations indicate that water percolation was controlled by matrix fl ow. Even if fi nger-like preferential fl ow did develop on the wetting front, it was expected to have been eliminated by the wetting-front propagation process, which wet the entire domain. Accordingly, over the long term, chemical equilibrium of the fl owing water with the sediment soluble salts is expected, especially under the sedimentological and climatic conditions at the site, where the cross-section is fl ushed regularly with a fair amount of rain and the solute potential is very low to begin with (Fig. 4) .
Th e contradictory observations of the coexistence of both matrix and preferential fl ow as governing mechanisms controlling the percolation process led to the development of a conceptual fl ow and transport model based on pore-scale dual-domain fl ow. Th e conceptual model is based on several basic assumptions derived directly from the observed conditions:
1. Th e vadose zone always remains under unsaturated conditions, even during high-intensity rainfall events (Fig. 6) . Th e direct implication of this observation is that some pores or some portion of the individual pores will never become fully saturated. Th is observation is well supported by other studies showing that unsaturated conditions will remain unsaturated, even under long-term fl ooding or ponding conditions .
2. Under unsaturated conditions, water fl ows only through a net of hydraulically interconnected pores. Th e fl ow net refers to sections of the pores that are either narrow enough to hold water under the sediment water potential or have thin water fi lms coating the grain surfaces (Tokunaga et al., 2000) (Fig.  10) . Combining the notion that the microscopic structure of the pores restricts water fl ow to certain sections of the pore void with theories on the fi nger-recurrence phenomenon (Wang et al., 2003) leads to the conclusion that water may repeatedly fl ow through the same exact routes during every fl ow event.
Moreover, it is the precise and specifi c geometrical structure of each individual pore that determines exactly which sections will get wet at any given water content (Tuller and Or, 2001 ). Hincapié and Germann (2009) indicated that only a small fraction of the soil moisture participates in the fl ow process.
3. Th e water fl ow nets within the pores are dependent on the hydraulic conditions. Because infi ltration events result in a . Cross-section of the sandy dune at the research site during the tracer test. Th e cross-section was exposed 15 h aft er the tracer's application at the surface.
limited increase in water content, the consequent expansion of the fl ow net is limited to certain places in each individual pore (Fig. 10) . Th e same logic that leads to the notion of water fl ow via the same routes may be used to understand that some sections of the porous domain may always remain "dry" or disconnected from the fl ow net (not allowing even diff usive exchange). Th is hypothesis is based on the observation that portions of the matrix pores remain saline continuously and never get fl ushed by the fresh percolating water (Fig. 4) .
4. Th e active microscale fl ow net, which expands during infi ltration events and contracts during drainage, is continuously fl ushed by the infi ltrating water. On the other hand, microsections of the porous domain that are continuously disconnected from the microscale fl ow net remain unwashed. Th erefore, their solute potential may build to a higher long-term cumulative salt content or alternatively, may remain high if the formation was historically introduced to saline conditions. As a result, the pore system that is not hydraulically interconnected with the main microscale fl ow channels may not be in chemical equilibrium with the fl owing phase. Disconnected microsections within the porous domain, which may contain saline spots, must be surrounded by dry pores or dry sections of an individual pore in order not to reach equilibrium with the fl owing net by diff usion. Th e mechanism leading to the generation of pore-scale saline spots has not yet been determined, but it may be explained through several hypotheses. Obviously, the existence of these saline spots is directly controlled by the longterm hydrologic processes that control water percolation. One hypothesis may be related to the dune formation as an eolian process carrying saline beach sand inland. Pore-scale preferential fl ow that does not fl ush the entire porous domain would necessarily leave unwashed saline spots within the sediments.
Summary and Conclusions
Th e coexistence of two phases within the sediment pores that are not hydraulically connected and do not reach chemical equilibrium is well supported by the results from extensive monitoring of a deep vadose zone in a sand dune area. Major diff erences between the mobile fl owing phase, which was sampled by the VSPs, and the total solute potential, which was measured through water extracts of sediment samples, were observed through 3 yr of continuous monitoring. Th e sediment solute profi le, which is controlled by the actual dominant fl ow and transport mechanism, was shaped during a long period (decades to centuries), assuming that the hydraulic and chemical conditions in the subsurface of that area have not changed signifi cantly with time. If there was hydraulic connectivity between the two phases, they would be expected to be in chemical equilibrium even if only diff usion processes are considered and advection is disregarded. Contradictory observations of matrix and preferential fl ow as governing mechanisms led to conceptualization of the percolation process as pore-scale dual-domain fl ow. Fig. 10 . Conceptual illustration of the pore-scale preferential fl ow mechanism in the unsaturated domain.
